The concentrations of digoxin in tissues of premature infants, full-term infants and older children obtained at autopsy were determined by a radioimmunoassay procedure. Infants were found to have much higher concentrations in the right and left ventricle (about 190 ng/g) than older children (about 70 ng/g) and adults as reported in the literature. Renal concentrations were lower in the premature group which may be related to their limited excretory capacity for digoxin.
T HE LITERATURE contains little information on postmortem tissue concentrations of digoxin in adults'-5 and there is only one such report in children. 6 The present study is the first to analyze postmortem tissue concentrations of digoxin in three groups of children: premature infants, full-term newborn infants and older children who received digoxin prior to death. The purpose of the study was to determine if the distribution of the drug in various tissues differed among these groups, because altered distribution may have therapeutic implications. We were particularly concerned that the limited capacity for renal excretion of drugs by the neonate, especially the premature infant, might affect the pharmacokinetics as known in older children and adults. In premature neonates, clinical and electrocardiographic signs of digitalis toxicity are observed more frequently and may follow the use of relatively small doses of digoxin.7 Doses of digoxin currently recommended for premature infants have been derived empirically for there have been to date few, if any, objective data establishing agedependent differences in the pharmacodynamics of digoxin.
Materials and Methods

Assay Procedures
Digoxin was measured by a radioimmunoassay (RIA) procedure developed in our laboratory." One-tenth ml ali-From the Sections of Pediatric Cardiology and Clinical Pharmacology, University of Illinois Hospital, Abraham Lincoln School of Medicine, Chicago, Illinois.
Supported in part by the University of Illinois Foundation, Goodenberger Medical Research Grant 2-44-33-66-3-14, and quots of plasma were assayed directly. Tissue samples were homogenized in absolute ethanol for 30 sec with an Omnimixer (Ivan Sorvall, Inc., Norwalk, Conn.). The homogenates were centrifuged at 1000 g for 10 min and the supernatants removed. The precipitates were re-extracted in additional ethanol. The combined supernatants were evaporated to dryness, and resuspended in phosphate-bovine serum albumin buffer.
After administration of 3H-digoxin to guinea pigs, 95% of myocardial radioactivity was extracted by this method. The extracted digoxin was bound by antiserum with an affinity identical to that of nonextracted digoxin.9
Patient Material
Tissue samples were obtained at autopsy from seven premature infants, four full-term newborn infants and four older children who received digoxin because of congestive heart failure secondary to cardiac or pulmonary pathology. In most cases, digoxin concentration was also determined on plasma samples obtained one or two days prior to death. These samples were collected six to eight hours following administration of the drug. None of the patients exhibited signs or symptoms of digitalis toxicity. Results
Age at death, body weight, route of administration, daily dose, duration of administration, plasma digoxin levels, and diagnoses are listed in table 1. While the mean age at death of the premature and full-term newborn infants studied were similar, mean body weight and surface area differed significantly (P < 0.05). The average daily dose (on a body weight basis) administered to the premature infants was less than one-half that given to full-term newborns, while the average dose for the group of older children was about two-thirds that for full-term neonates. The duration of digoxin administration was comparable in premature and full-term newborns but was considerably longer in the group of older children. Equilibrium plasma digoxin levels (six to eight hours following administration of the drug) were measured within 24 hours of the time of death. The mean concentration in premature Circulation, Volume 52, December 1975 neonates was significantly higher than in older children, 1.9 ± 0.4 vs 0.6 + 0.3 ng/ml (P < 0.05). Since a plasma digoxin level had been determined in only one full-term neonate, it was not possible to make any comparison with this group. As shown in tables 2 and 3, there were considerable differences in digoxin concentrations among the various tissues, though the highest concentrations were always found in the kidney, the GI tract (stomach, small and large bowel, gall bladder and pancreas), myocardium and liver. Adipose tissue had the lowest concentrations. Heart Myocardial concentrations of digoxin were considerably higher in the newborn period, in both the premature and full-term infants, the average level in the ventricles being about 190 ng/g in contrast to the mean concentration in older children of 70 ng/g. Analysis of individual patients yielded values higher than 100 ng/g for all newborns, with one exception, whereas two of the three older children in whom myocardial concentrations were measured had values less than 70 ng/g. The difference in concentration of digoxin in ventricular myocardium of infants versus children was significant (P < 0.05). Myocardial concentrations of digoxin were approximately equal in the right and left ventricles but were somewhat lower in the atria of neonates (122 ± 60 ng/g vs 188 ± 64 ng/g in ventricular myocardium). The ratios of ventricular myocardium to plasma were 99:1 in Circulation, Volume 52, December 1975 premature neonates, and 114:1 in older children. The mean concentration of digoxin in the right atrium of older children in the present study, 67 ng/g, was comparable to the levels previously reported from this 
*Values are ng/g wet weight of tissue.
laboratory for 17 surgical patients on chronic digoxin maintenance therapy, 62 ± 6 ng/g.9
Skeletal Muscle
Skeletal muscle concentrations of digoxin were also considerably higher in the newborn groups than in older children, 37 and 32 ng/g vs 8 ng/g. Analysis of individual patients revealed values higher than 20 ng/g in most newborn infants and values lower than 15 ng/g in the older age group. Skeletal muscle to plasma digoxin ratios were 19:1 in premature neonates and 13:1 in older children.
Kidney
In contrast to myocardium and skeletal muscle, the mean concentration of digoxin in the kidney was much lower in premature neonates (73 ng/g) than in full-term neonates and older children (198 and 232 ng/g, respectively). All premature infants, with one exception, had renal tissue concentrations of digoxin lower than 102 ng/g, while, excluding one patient, all full-term and older children had renal concentrations above 166 ng/g. The difference in concentration of digoxin in prematures versus full-term infants and children was significant (P < 0.05). In four patients in whom both renal cortex and medulla were analyzed, no significant difference in the two regions was found.
Other Tissues
With the exception of the kidney, skin, brain and stomach, all other organs had higher concentations of digoxin in tissues from both prematures and full-term neonates (table 3) .
In most tissues, the digoxin concentration ranged from 5-25 ng/g in all age groups. In addition to skeletal muscle, the spleen and adipose tissue also had levels below 12 ng/g in older children. Conversely, the organs of the GI tract, stomach, small and large bowel, gall bladder and pancreas had relatively high concentrations. However, these varied considerably from case to case, probably due to differences in the time and mode of administration of the drug and whether elixir or tablets were used. It is interesting to note that digoxin concentrations ranging from ng/g were found in the GI tract following parenteral administration, suggesting biliary excretion. In the liver, mean digoxin concentrations ranged from 41-56 ng/g, and did not differ among the three groups.
Discussion
Few studies have systematically examined digoxin concentrations in human tissues obtained at autopsy. Available studies are summarized in table 4. Doherty et al.1 administered 3H-digoxin to adults near expected time of death and found the highest concentrations occurred in the heart, kidney and liver, similar to our findings. In patients with normal renal function digoxin concentrations were higher in the kidney than in the myocardium, while the reverse was true with patients who were in renal failure. Jelliffe and Stephenson2 used a fluorometric method for measurement of left ventricular digoxin concentration and found a wide range of 5-202 ng/g. Toxicity was associated with levels of 210 and 262 ng/g. The wide variability probably was due to the time between dosage and death and possibly methodologic factors. Isalo and Nuutila3 found rather higher levels in four adults using the radioimmunoassay procedure. These levels were lower than adults dying in situations believed to represent digitalis toxicity. The studies of Karjalainen et al. 4 and of Jusko and Weintraub5 are probably the best data in adults since they contain a reasonable number of patients and utilize the radioimmunoassay procedure. It is impressive that their mean values are very similar, both being about 100 ng/g.
The only previous report which presents data on tissue concentrations of digoxin in children is that of Hernandez et al. 6 Tritiated digoxin was administered to nine children prior to cardiac surgery and extracorporeal circulation. Two of these children died postoperatively and the digoxin concentrations were determined in heart, liver and kidney. Unfortunately the results were expressed in percent of total radioactivity and cannot be directly compared with the literature data for adults or with the data in the present report.
It can be seen that the mean concentrations for ventricular digoxin in both premature and full-term newborns in this study exceed those described above in adults by almost a factor of two-fold. In contrast, the mean level of 74 ng/g in the older children, though somewhat lower than the mean for adults, is more compatible with those values. The high tissue concentrations in infants may correlate with the frequent observation of electrocardiographic and other clinical signs of digitalis toxicity.7' 10 High concentrations relative to findings in older children and adults were not limited to the myocardium but were found also in skeletal muscle; in fact in almost all tissues analyzed the concentrations of digoxin were higher for neonates than older children or adults. A remarkable exception was the renal concentration of digoxin which was found to be markedly lower in premature infants than in full-term newborns or older children. As noted above, Doherty et al.1 found that adults with renal failure had lower concentrations of digoxin in the kidney than those with normal renal function. However, Karjalainen et al. 4 found concentrations in the renal cortex of patients with high serum creatinine concentrations not to differ significantly from patients with normal serum creatinine concentrations, though concentrations in papillary muscle, left ventricle, right ventricle, etc., were higher in the patients with reduced renal function. Thus from these studies it is not clear whether the concentration of digoxin in the kidney reflects renal function. Nonetheless, many investigators have shown that in newborn infants renal function, as measured by creatinine or inulin clearance, is greatly decreased compared to older children.1" The limited ability of the newborn tot excrete various antibiotics and other drugs via the renal route has also been well recognized and this limited function is more pronounced in premature infants.
The present data suggest that, in the premature, decreased renal function, perhaps reflected by the low renal concentrations of digoxin, contributes importantly to the increased levels of the drug in plasma and other tissues despite the relatively small doses administered as compared to the older infant. These doses may in fact be excessive and our present data force one to re-evaluate the safety and necessity of commonly recommended digoxin doses. In full-term neonates the high tissue and plasma concentrations of digoxin probably result from both somewhat impaired renal excretion and high doses of digoxin routinely administered to such infants. Again, the high myocardial concentrations lead one to speculate that such doses may be harmful.
